d Activity is less constrained in air than in the denser medium of water
SUMMARY
Life originated in the sea and evolved its early metabolic pathways in water [1, 2] . Nevertheless, activities of organisms on land have influenced and enriched marine ecosystems with oxygen and nutrients for billions of years [3] [4] [5] [6] [7] . In contrast to the history of species diversity in the sea and on land [8] [9] [10] and the flows of resources within and between these two realms [11] , little is known about the times and places of origin of major metabolic and ecological innovations during the Phanerozoic. Many innovations among multicellular organisms originated in the sea during or before the Cambrian, including predation and most of its variations, biomineralization, colonial or clonal growth, bioerosion, deposit feeding, bioturbation by animals, communication at a distance by vision and olfaction, photosymbiosis, chemosymbiosis, suspension feeding, osmotrophy, internal fertilization, jet propulsion, undulatory locomotion, and appendages for movement. Activity is less constrained in air than in the denser, more viscous medium of water [9, [12] [13] [14] . I therefore predict that high-performance metabolic and ecological innovations should predominantly originate on land after the Ordovician once organisms had conquered the challenges of life away from water and later appeared in the sea, either in marine-colonizing clades or by arising separately in clades that never left the sea. In support of this hypothesis, I show that 11 of 13 major post-Ordovician innovations appeared first or only on land. This terrestrial locus of innovation cannot be explained by the Cretaceous to recent expansion of diversity on land. It reveals one of several irreversible shifts in the history of life.
RESULTS
Thirteen high-performance, metabolically expensive innovations satisfy the criteria employed in this study (see STAR Methods). Of the 12 that could be reliably dated, nine appeared first on land and later in the sea, one appeared at about the same time in the two realms, and two have remained restricted to the land (Table 1) . Electrogenic communication and predation, restricted to marine and freshwater fishes, cannot be inferred in fossils and is most likely the only major post-Ordovician innovation confined to aquatic environments.
Compared with the null expectation that half of the innovations began or remained restricted to the sea and half did so on land, the observed land-first pattern is statistically significant, with a probability greater than 0.998 (binomial test). The mean lag interval (±SD) between the first terrestrial and the earliest marine appearance of the ten innovations found in both realms is 110 ± 104 million years ago (mya). All innovations are briefly documented below.
Plant Vascular Anatomy
Structures conducting nutrients and water evolved in land plants in the Middle Silurian (430 mya) [15] , leading to tree-sized plants by 407 mya in the Devonian [16] . This anatomy spread to the sea in the Campanian (Late Cretaceous, 80 mya) with the appearance of seagrasses [17] and evolved separately in laminarialean brown-algal kelps [18, 19] . Molecular divergence times place the origin of these kelps (the largest marine plants) in the Early Cretaceous [20] , but the cold-water distribution and North Pacific site or origin of kelps indicate an origin no earlier than the latest Eocene (34 mya) [21, 22] .
Nutrient-Mining Plants
Structures extracting nutrients from sediments in fungus-associated land plants evolved from rhizoids to roots in the Early Devonian [23, 24] . Depth of mining increased as trees grew taller [25] . Marine rhizophytic bryopsidalean algae can acquire nutrients from sediments, possibly beginning in the Late Palaeozoic [26] , but they penetrate less deeply than the roots of Cretaceous to recent seagrasses [27] , which colonized the sea with the help of chemosymbiotic lucinid bivalves [28] .
High Photosynthetic Capacity
Exceptionally productive attached land plants with high photosynthetic capacity enabled by high leaf-vein density evolved in several angiosperm clades beginning in the mid-Cretaceous [29] . The first benthic marine plants with comparable capacities are Campanian (80 mya) seagrasses [17] , joined after the Cretaceous by salt-marsh and mangrove vegetation [29] and laminarialean kelps [22] .
Vertebrate Herbivory
High-intensity consumption of attached plants evolved in more than 60 terrestrial vertebrate clades beginning in the Late Carboniferous with caseid synapsids [30] . This habit spread to the sea in at least seven clades beginning in the Early Eocene with sirenians [31] . At least 20 marine fish clades contain herbivores beginning in the Early Eocene [32] . The Early Middle Triassic sauropterygian Atopodentatus, the Middle Triassic placodont Henodus, and the Late Triassic teleost Hemicalypterus have also been interpreted as herbivores [33, 34] . Vertebrate herbivory thus appeared later in the sea regardless of whether these Triassic cases are accepted, as they are here. The marine lag applies generally to herbivory in other clades as well [35] .
Nonmicrobial Farming
Animals that tend gardens of specialized food fungi or plants have evolved at least 14 times on land. Molecular divergence times indicate that fungus farming evolved in the Early Eocene in ants and ambrosia beetles [36, 37] and later in other insects and in humans [38] [39] [40] . Mid-Cretaceous (Aptian-Albian) root-associated trace fossils in Argentina most likely indicate early fungal cultivation by insects [41] . Marine farming is known in some patellid limpets beginning in the Late Oligocene [42, 43] , as well as in Stegastes damselfishes [44] and in the polychaete Hediste [45] .
Aerial Locomotion
Passive gliding and active powered flight through air enable animals to reach high speeds. Using jet propulsion, flying squids travel 3.3 to 3.4 times faster in air than in water [46, 47] . Powered flight evolved at least four times on land, first in mid-Carboniferous insects 324 mya [48] with probable gliding Devonian precursors [49] . In vertebrates, gliding in the Late Permian [50] was followed by the evolution of powered flight in the Late Triassic. Middle Triassic (230 mya) thoracopteran teleosts are the earliest of at least three clades of marine animals that took to the air [47, 51, 52] .
Endothermy
The generation of copious internal heat coupled with a high body temperature is more easily achieved in air than in water, especially for small animals, because of air's low specific heat [12] . Late Carboniferous protodonate insects were most likely the first endothermic land animals [53] , followed by the stepwise evolution of Triassic mammaliaforms [54] and, later, insects and birds [53, 55] . Endothermic vertebrates first became important marine consumers in the Late Cretaceous with ichthyornithiform and hersperornithiform birds and somewhat later with mosasaurs [31, 56] , followed in the Cenozoic by numerous birds and mammals [31] . Regional endothermy arose at least six times in marine fishes [57] [58] [59] , perhaps as early as the Late Carboniferous in ctenacanthiform sharks [60] . Body temperature does not rise more than 41 C above that of the surrounding water [59] , suggesting that fish endothermy does not match that in marine or terrestrial tetrapods or terrestrial insects.
Eusociality
Eusocial organization (dispersed individual animals showing division of labor among castes and stemming from the same parents) is principally terrestrial [61] . It arose at least 15 times independently on land, probably first in termites in the Early Cretaceous or even earlier [62] and later in spiders, other insects, and mole rats [63] . In the sea, eusociality evolved in four closely related lineages of alpheid snapping shrimps [64, 65] no earlier than the Miocene.
Plant Guards
Defense of plants or plant-like photosynthesizing animals by animal guards appeared at about the same time (Early Eocene) on land (ants and termites) and in the sea (coral-associated decapod crustaceans [66] [67] [68] ). Such defense is widespread in land plants, which reward guards with expensive food in extrafloral nectaries and sometimes with specialized shelters. In the sea, it is confined to branching corals and is entirely unknown in seaweeds and seagrasses. This case would be added to the list of land-first innovations in the likely event that nectaries not associated with reproductive structures will be found in Cretaceous plants, because potential ant guards already existed in the mid-Cretaceous.
Echolocation
The ability to use transmitted sound for locating objects has evolved independently in oilbirds, swiftlets, bats, and other small mammals and in the sea in odontocete whales [69] [70] [71] . Echolocation first evolved on land in bats in the Early Eocene (55 mya), at least 27 Ma before its evolution in marine cetaceans.
Nonparasitic Animal-Mediated Gamete and Propagule Dispersal Animals on land figure prominently as pollinators and as dispersers of seeds, spores, and small animals. Animal-assisted dispersal occurs in bryophytes [72, 73] . The earliest land plants were subject to spore feeding [74] , suggesting an early role of animals as spore dispersers. Undoubted pollination of seed ferns occurred in the Late Carboniferous [75, 76] . Specialized animal-assisted dispersal of gametes and propagules is unknown in the sea [9] .
Communal Construction
Communally constructed and occupied shelters, burrow systems, nests, mounds, webs, and hives reflect substantial behavioral sophistication. They are known only in terrestrial arthropods and vertebrates [77] . The earliest evidence comes from Early Jurassic mounds in southern Africa, perhaps constructed by termites [78] . Marine animals in many clades individually construct and occupy shells, tubes, floats, mucus nests and houses, byssal enclosures, and burrows, but despite the complex behavior of many cephalopods, fishes, and marine tetrapods, communal building is unknown in the sea. Reefs, with Ediacaran origins, are built by sedentary rather than mobile organisms without coordination.
DISCUSSION
Despite uncertainties in estimating times of appearance and functionally interpreting innovations, the conclusion that highperformance, post-Ordovician innovations predominantly first on land is robust. Most (nine of 12) dated innovations originated on land before the Cretaceous, the period when the current excess of terrestrial over marine diversity began [9] . The disparity in diversity between the two realms therefore cannot explain the overwhelmingly terrestrial origins of post-Ordovician innovations. All innovations considered here evolved multiple times in several major clades. The lag between terrestrial and marine appearances therefore does not depend on unique events or single clades. Instead, it is a robust feature of post-Ordovician ecological history. Six of 12 innovations never spread to the sea through marine colonization and either never appeared in the sea (two cases) or evolved independently and later in marine-only clades (four cases). Conditions on land evidently constrain innovation less than in the sea [79, 80] .
The land underwent an irreversible transition from a net recipient of clades and innovations to a net donor. Post-Palaeozoic sea-to-land colonizations have become limited to islands, where terrestrial predation and competition are reduced [81] , or to low-energy gastropods and crustaceans, which have remained competitively subordinate [82, 83] . In contrast, the post-Palaeozoic marine colonization of land-based vertebrates and plants profoundly influenced marine ecosystems. These colonists stimulated productivity and raised performance standards, prompting lineages that never left the sea to evolve innovations similar to those introduced from the land.
The shift from a marine to a terrestrial locus of innovation is one of several irreversible changes in the history of life. Others include oxygenation of the atmosphere and ocean [4] , the sequential addition of new energy sources [84] , the expansion of diversity from the biochemical to the morphological and extrasomal technological realms [79] , and the stepwise increase in performance standards in competition and defense [85] . These shifts, which depend on major physiological breakthroughs, contradict claims that history lacks directionality [86] . Successive innovations have steadily pushed back constraints on biological activity [79] . The emergence of land as the primary locus of innovation is a natural outcome of selection in an increasingly diverse and biologically regulated biosphere.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
STAR+METHODS KEY RESOURCES TABLE CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Geerat J. Vermeij (gjvermeij@ucdavis.edu).
METHOD DETAILS Criteria
Three criteria were used to identify high-performance innovations appearing after the Ordovician. First, an innovation must enable a new capacity and contribute to competitive superiority in either or both the terrestrial and marine realms. This criterion implies high energy investment and expense. Second, the innovation must be recognizable or inferable in fossils, so that dates of appearance can be estimated. This criterion disqualifies C 4 and other carbon-concentrating mechanisms of photosynthesis (hard to infer in aquatic organisms), extraoral digestion in animals, long-distance migration, color vision, group hunting, consciousness, and complex language. Third, the innovation must have evolved more than once and in phylogenetically distant clades. I therefore excluded the turtle skeletal configuration in vertebrates, reduction and loss of digits and limbs in tetrapods, inflation in pufferfishes, the formation of varices and labral teeth in gastropods, shell loss in molluscs, novel respiratory structures in echinoids, opercula in bryozoans, insectivory in plants, wing articulation in insects, silk production in arthropods, constriction in snakes, the liana habit in plants, unidirectional air flow in diapsid tetrapods, the crab-like abdomen and sideways locomotion in crabs, and skeletal tube formation in bivalves, among others. Incremental improvements on established themes of defense, locomotion, growth, reproduction and sensation were also excluded, such as tooth evolution and jaw mechanics in vertebrates, body size, armor in external skeletons, food-storage organs and behaviors, and brain size.
Dates of Appearance
Data on times of origin in the two realms were taken from the literature. All sources are given in the Results section and are summarized in Table 1 . Most of the evidence comes from first appearances of body or trace fossils, but in a few cases (identified in the text) the data were augmented by molecular divergence estimates. All dates of first appearance, as well as calculated lag times between appearance on land and in the sea, are subject to substantial error and uncertainty. Despite this, the pattern uncovered here is so one-sided that even large revisions in times of appearance are unlikely to alter the outcome. Nevertheless, the dates and lag times given should be viewed with caution and not taken as literally as the precise times might indicate.
QUANTIFICATION AND STATISTICAL ANALYSIS
Lag times were computed by subtracting the date of appearance in the sea from that on land. The mean lag time was calculated by summing these lag times and dividing by the number of innovations; a standard deviation from this mean was then computed. A binomial test wax used to compare the number of land-first cases to the expected number under the null hypothesis that half the innovations would be land-first and half sea-first. REAGENT 
